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Edited by Robert B. RussellAbstract The rate of evolution-related mutation varies widely
among proteins while the unity of the organism implies an inte-
grated evolution of its protein network. Focusing on the yeast
interactome, we monitored the structural impact of amino acid
substitution on yeast proteins with reported structure. The im-
pact of mutation in creating or deleting structural markers for
interactivity varies across proteins and modulates the evolution-
ary rates, yielding a uniﬁed kinetic law of accumulation of con-
nectivities consistent with an integrated evolution of the
interactome.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The evolutionary rates of amino acid (a.a.) substitution vary
widely across proteins [1] and attempts at correlating such
rates with parameters such as dependability of the gene, sever-
ity of the knockout phenotype or protein interactivity have
yielded a complex picture [2–4] with no conclusive statistics.
A weak correlation exists between protein dispensability [4]
or protein connectivity [2] and evolutionary rate, and this cor-
relation vanishes when we exclude duplicated genes [4]. Fur-
thermore, the very notion of dispensability is ﬂawed because
genes which might be dispensable for the survival of the indi-
vidual might be indispensable for evolution [4]. On the other
hand, a generic unifying law of accumulation of protein con-
nections is typically invoked to account for the integrated evo-
lution of proteomic networks [5–7] and the synergistic
development of its connection topology [8,9]. The unity of
the organism implies an integrated evolution of its proteomic
network [5] across diﬀerent isotemporal modular regions [5,6]
and subsuming the diverse evolutionary rates of amino acid
substitution in proteins. Thus, this work addresses the ques-
tion: How do we reconcile the diversity of evolutionary rates
with the integrated evolution of the network?
To obtain an integrated dynamics, we studied the impact of
evolution-related mutation on structural markers of protein
interactivity [7,10], focusing on the yeast (Saccharomyces cere-
visiae) proteome. We anticipated that certain folds would
make proteins more susceptible to alter their interactivity as*Fax: +1 713 348 3699.
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relatively impervious to mutation [7]. The fold will be shown to
act as a buﬀer of evolutionary change, exerting a compensa-
tory eﬀect on the wide variations in mutation rates of proteins
by modulating the impact of mutation on protein interactivity.
Thus, when the structural impact of mutation is incorporated
[7,10], a unifying preferential attachment law compatible with
a scale-free network architecture [8,9] and characterized by a
single exponential timescale emerges beyond the diversity of
evolutionary timescales.
In this study, we focus on structural markers of protein
interactivity deﬁned by packing defects in the form of intramo-
lecular hydrogen bonds which are incompletely dehydrated
[10]. Such packing defects, termed dehydrons, occur when the
hydrogen bond is insuﬃciently ‘‘wrapped’’ or surrounded by
non-polar side-chain groups in the protein structure. This
structural focus is justiﬁed on two grounds: (a) the wrapping
is the molecular dimension available to evolution while the
fold is typically conserved [7]; (b) dehydrons become wrapped
intermolecularly upon protein association [11,12]. To deﬁne a
dehydron, the wrappers are counted within a desolvation
domain consisting of two intersecting spheres of radius 6.4 A˚
centered at the a-carbons of the hydrogen-bonded residues.
Dehydrons are sticky [10,11] and statistically shown to be indi-
cators of protein interactivity, since they occur much more fre-
quently at PDB-documented protein–protein interfaces than
elsewhere on the protein surface [12].
In this work, we describe the impact of evolution-related
amino acid substitution on the dehydron pattern associated
with PDB-represented yeast proteins. The impact of site muta-
tion in creating or deleting dehydrons is shown to vary widely
across folding domains modulating the diﬀerent evolutionary
rates in order to yield a uniﬁed kinetic law of accretion of pro-
teomic connectivity for the yeast interactome.2. Materials and methods
2.1. Identiﬁcation of dehydrons from protein crystal structure
The identiﬁcation of dehydrons in protein structure follows for a
straightforward assessment of the hydrogen-bond microenvironments
performed according to the following tenets [7,10–12]: (1) The extent
of intramolecular hydrogen-bond desolvation, q, in monomeric struc-
ture is quantiﬁed by determining the number of non-polar groups con-
tained within the desolvation domain deﬁned above. The number of
non-polar groups that wrap the bond is in turn determined from the
atomic coordinates available from the crystal structure. (2) The extent
of desolvation of an intramolecular hydrogen bond within a protein–
ligand or protein–protein complex requires that the count include
non-polar groups from the monomer as well as those from its bindingation of European Biochemical Societies.
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the desolvation radius adopted, but the tails of the distribution invari-
ably single out the same dehydrons in a given structure over a 6.2–7 A˚
range. In most stable protein folds (92% of PDB entries), at least two
thirds of the backbone hydrogen bonds are wrapped on average by
q = 26.6 ± 7.5 non-polar groups. Dehydrons are here strictly deﬁned
as hydrogen bonds whose extent of wrapping lies in the tails of the dis-
tribution, i.e., with 19 or fewer non-polar groups in their desolvation
domains (their q-value is below the mean minus one Gaussian disper-
sion). At least one dehydron becomes intermolecularly wrapped in
every protein complex with reported structure and dehydron wrapping
is an important factor driving protein associations [7,12].
2.2. Generating an evolutionary mutational schedule for a protein
sequence
To assess the evolution of protein connectivity, a sequence of
mutational events is generated. Thus, a Markov process maps the se-
quence S = {in}i = 1, . . .,N (N = protein chain length, in = a.a. i at chain
position n) at each time that is a multiple of the step s = 106 years.
For each protein, the present-day wild-type sequence is adopted as
initial state. The process is governed at each step by the probability
p(inﬁ jn) of substituting a.a. in for jn at chain position n. Thus, we
obtain: p(inﬁ jn) = p(in, jn)US(n)kS(s). Here p(in, jn) is the generic evo-
lution-related likelihood of substituting a.a. in for jn irrespective of se-
quence or position in sequence; US(n) is the probability that residue n
might be mutated in sequence S = {in}i = 1, . . .,N, and is determined by
the extent of conservation of each position along the protein chain;
and kS(s) is the probability that the sequence might mutate within
the timespan s, given its evolutionary rate. Thus, US(n) is estimated
as the fraction of interspecies sequences aligned to sequence S for
which residue n has mutated, while kS(s) is calculated for each S from
the conservation equation:
X
n¼1;...;N
X
jn2a:a:;jn 6¼in
pðin; jnÞUðnÞkSðsÞ ¼ ksN ; ð1Þ
where k is the evolutionary rate for the protein given as number of sub-
stitutions per site per 109 years [1], and the sums on the l.h.s. extend
over all positions (n = 1, . . .,N) and all a.a. types (jn 2 a.a.) except for
in, since we are computing probabilities of non-synonymous substitu-
tions. Thus, ksN is the expected number of mutations in the whole
sequence within timespan s.3. Results
3.1. Evolution of wrapping in the yeast interactome subsumes
evolutionary rates into a single rate law
Assuming that protein folds are evolutionarily conserved
[13,14], the evolution of the yeast protein network reveals an
accumulation of dehydrons for individual proteins according
to the rate law: W = aX, with W =W(t) = quasi-instantaneous
rate of accumulation of dehydrons, X = X(t) = number of
dehydrons, and a = (0.195 ± 0.07)109 year1 [7]. This law
holds for any protein with non-zero evolutionary rate and
shows that poorly wrapped (dehydron-rich) proteins are more
likely to acquire dehydrons than well wrapped ones. It corre-
sponds to a ‘‘rich get richer’’ preferential attachment process
and, written as a law of accretion of connectivities, it is compat-
ible with the iterative construction of a scale-free network [8,9].
In light of this phenomenology, we constructed a Markov
process (Section 2) mapping the protein sequence in time
and constrained to preserve the protein fold, as required for
functionality [13,14]. Since the mutational schedule generated
by the Markov process is strictly based on evolutionary infor-
mation (Section 2), and evolution preserves the fold at least in
all documented cases where folds can be compared across dis-
tant species [7,15], we may safely assume that the generated
mutations will not be structurally disruptive.The process further incorporates the evolution-related a.a.
substitution likelihood [15], extent of residue conservation
[16] at each position along the protein chain, and evolutionary
mutation rates [1–4]. A second fungi species, Candida albicans,
was adopted to estimate a.a. substitution rates for yeast pro-
teins with orthologs [17] in the second species [4]. Because
the dehydron identiﬁcation requires structural coordinates
(Section 2), simulations were performed on the 671 PDB-re-
ported yeast proteins with orthologs in C. albicans. Ortholog
gene pairs were obtained applying the reciprocal best-hit crite-
rion using FASTA [17], with total length of aligned regions
>80% of the longer sequence. Protein alignments are carried
out with CLUSTAL W [18], using 30 sequences across species
with over 30% pairwise identity, while the number of substitu-
tions at non-synonymous sites is determined using PAML with
default parameters [16].
C. albicans was selected as second species because there is
abundant structural information on its proteome in PDB, en-
abling cross examination of orthologs from both species, and
because its close proximity to yeast guarantees that amino acid
substitutions are likely to be the result of single events rather
than multiple mutations at the same site.
Our goal is to prove that, when examined across the yeast
proteome, the Markov process yields a single unifying law of
accretion of connectivities in accord with the integrated evolu-
tion of the network described above.
Once the number of a.a. substitutions has been determined
for each step according to a Monte Carlo simulation of the
process, the side chains of the substituted residues are rota-
merically varied to maximize the wrapping of backbone
hydrogen bonds, as needed to preserve the integrity of the
structure [10]. This requires ﬁxing the backbone conformation
and maximizing the number of side-chain non-polar groups
within the desolvation domains of the backbone hydrogen
bonds by rotameric movement of the side chain limited to
the mutated positions. No energy minimization of the side-
chain conformation is required since the evolution-related
substitution likelihoods reﬂect a conservation of the physico-
chemical properties of the amino acids [19], and thus pairwise
repulsive contributions are unlikely to be introduced in evolu-
tion-associated mutations.
The simulations consist of 4000 Monte Carlo steps on the
PDB-reported 671 yeast proteins, covering 4 billion years,
and incorporating the evolution-related a.a. substitution pat-
terns, residue conservation patterns and mutation rates. Ten
runs were performed for each protein and the number of dehy-
drons on the conserved fold was determined after rotameric
side-chain exploration for mutated residues directed at maxi-
mizing the clustering of non-polar groups around backbone
hydrogen bonds, as indicated above. The residues forming
the microenvironment of pre-formed dehydrons within a par-
ticular protein fold have been shown to be evolutionarily con-
served [7]. We have veriﬁed that they remain conserved as the
primary sequence is varied in the Markov process. The conser-
vation is expected since US(n)  0 when the n-residue is in-
volved in a dehydron microenvironment. However, new
dehydrons may form as poor backbone wrappers (G, A, N,
D, S, T) are incorporated into the sequence upon progressive
mutation. Thus, the protein fold becomes progressively more
reliant on binding partnerships to preserve its integrity [7].
The accretion of packing defects as the sequence changes
in the Markov process is illustrated in Fig. 1 for the yeast
Fig. 1. Predicted evolution of the pattern of packing defects for yeast cytochrome c (pdb.1CRG) obtained incorporating the evolution-related a.a.
substitution patterns, residue conservation patterns and mutation rates. The structure is examined at present (A), 1.1 (B), 1.6 (C) and 4 billion years
into the future (D). The protein backbone is represented as virtual bonds joining a-carbons (blue). Light grey lines joining a-carbons represent amide-
carbonyl backbone hydrogen bonds that are well wrapped, while dehydrons are displayed in green. Ribbon representation as visual aid (E). The
number of dehydrons in cytochrome c evolves as follows: 4 dehydrons for present-day protein, 5 dehydrons in 1.1 billion years, 7 dehydrons in 1.6
billion years and 15 in 4 billion years.
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at present time (t = 0), t = 1.1,1.6, and 4 billion years, respec-
tively. The succession reﬂects a pervasive mode of accretion
of packing defects: dehydrons do not appear in isolation, rather
pre-existing dehydrons nucleate the formation of new dehy-
drons. This nucleation mechanism is expected since the impact
of substituting for a poor wrapper is more pronounced in a
structural region that already has a scarcity of good wrappingresidues. The same considerations provide a structure-based
rationale to the ‘‘rich get richer’’ or preferential attachment
law of accretion of protein connectivities [7] which leads to a
scale-free network topology [8,9]: proteins with a scarcity of
good wrappers are more susceptible to develop new dehydrons
when a good wrapper is substituted by a poor one.
In 641 of the 671 PDB proteins investigated the steady
growth in X is best ﬁtted by the equation lnX = X(0) + Kt,
Fig. 2. Kinetics of accretion of packing defects for yeast proteins in PDB described by plotting the number of dehydrons, X, in logarithmic scale
against time. The plots are: superoxide dismutase (black, pdb.1YSO); triose phosphate isomerase (yellow, pdb.1YPI); guanylate kinase (blue,
pdb.1EX6); RNA polymerase subunit RPB38 (light blue, pdb.1A1D); actin-binding coﬁlin (brown, pdb.1CFY); calmodulin (orange, pdb.1LKJ);
histone H3 (red, pdb.1U2Z) and the yeast ribosomal protein L30 (green, pdb.1CK9). The thick lines represent proteins with dispersion in lnX higher
than 4% of its expected value, thin lines represent plots with dispersion lower than 4%, while the dispersion at the intercepts results from diﬀerences in
the number of dehydrons for proteins with multiple PDB entries, including entries with multiple NMR models. When slight changes in dehydron
number were obtained for a protein with multiple PDB entries, the best wrapped structure was adopted for the simulations.
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drons in present-day wild type. This ﬁt, with Pearson correla-
tion parameter R > 0.83 in all cases, lies invariably within the
conﬁdence band constructed based on the Gaussian dispersion
g in X(t) over 10 Monte Carlo runs for each protein. In all 641
cases, we obtain: g < 0.16X. The slope value a = 0.195/billion
years obtained by tracing the evolution back in time, remains
a good ﬁt for the 4-billion year projection into the future, with
Pearson correlation parameter R > 0.79. The 30 outliers are
yeast ribosomal proteins and histones, for which the evolution-
ary rate is k < 0.15/(site billion years). In such cases, the loga-
rithmic plot of X(t) can be ﬁt linearly with a Pearson
correlation parameter smaller than R = 0.6.
Fig. 2 reveals the uniformity in the kinetics of accretion of
connectivities across all yeast protein families represented in
PDB, as it beﬁts the integrated evolution of the yeast protein
network. This near universality within the proteome is illus-
trated by plotting X(t) for superoxide dismutase (black,
pdb.1YSO); triose phosphate isomerase (yellow, pdb.1YPI);
guanylate kinase (blue, pdb.1EX6); RNA polymerase subunit
RPB38 (light blue, pdb.1A1D); actin-binding coﬁlin (brown,
pdb.1CFY); calmodulin (orange, pdb.1LKJ); and two outliers:
histone H3 (red, pdb.1U2Z) and the yeast ribosomal protein
L30 (green, pdb.1CK9). The hub protein calmodulin is the
fastest acquirer of dehydrons and yields the poorest correlation
among non-outliers (R = 0.833), due to a saturation eﬀect.4. Discussion
The results presented are validated by the coincidence be-
tween the statistical law of accretion of connectivities that
emerges uniformly across the yeast proteome and the preferen-
tial attachment law that results when the evolution of the net-
work was traced over the last 4 billion years. Our results reveal
that the structural impact of mutation varies widely acrossproteins but does so in a way that buﬀers the wide diﬀerences
in evolutionary rate, so that a single law of accumulation of
connectivities for all proteins becomes statistically dominant
in network development. This law subsumes diverse evolution-
ary timescales and reﬂects the fact that packing defects are ac-
quired at a rate dependent on the number of pre-existing
packing defects. This autocatalytic rate law appears to be a
consequence of the fact that the wrapping susceptibility to
mutation depends on the extent of wrapping of the protein
structure. This result supports the ‘‘rich get richer’’ scenario
for the accretion of protein connectivity.
Our reported ﬁndings have some evolutionary implications:
(a) proteins must necessarily evolve with diﬀerent mutation
rates so that they can be selected to ﬁt into a network with
an integrated evolutionary pattern. These diﬀerences in evolu-
tionary rate are required because of the diﬀerent structural im-
pact of mutation depending on the level of wrapping of the
protein structure. (b) The accretion of protein connectivities
obtained in this work from basic premises reﬂects a preferen-
tial attachment law consistent with a scale-free topology, and
thus has an evolutionary advantage since such distribution of
connectivities makes the network resilient to random node fail-
ure [9]. Future research will assess whether robustness to other
more realistic forms of node failure, perhaps more representa-
tive of biological regulatory mechanisms, might be optimized
by network topologies or evolutionary accretion laws diﬀerent
from those that emerged from this study.
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